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Embryonic Xenopus myocytes generate spontaneous calcium (Ca21) transients during differentiation in culture. Suppression
of these transients disrupts myofibril organization and the formation of sarcomeres through an identified signal transduction
cascade. Since transients often occur during myocyte polarization and migration in culture, we hypothesized they might
play additional roles in vivo during tissue formation. We have tested this hypothesis by examining Ca21 dynamics in the
intact Xenopus paraxial mesoderm as it differentiates into the mature myotome. We find that Ca21 transients occur in cells
f the developing myotome with characteristics remarkably similar to those in cultured myocytes. Transients produced
ithin the myotome are correlated with somitogenesis as well as myocyte maturation. Since transients arise from
ntracellular stores in cultured myocytes, we examined the functional distribution of both IP3 and ryanodine receptors in
he intact myotome by eliciting Ca21 elevations in response to photorelease of caged IP3 and superfusion of caffeine,
espectively. As in culture, transients in vivo depend on Ca21 release from ryanodine receptor (RyR) stores, and blocking
RyR during development interferes with somite maturation. © 1999 Academic Press
Key Words: myocytes; calcium; somitogenesis; myotome; ryanodine receptors; IP3 receptors.
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eINTRODUCTION
Ca21transients appear to be an epigenetic signaling
mechanism broadly utilized in embryogenesis. Important
roles for Ca21transients have been demonstrated during
organogenesis, particularly in the developing nervous sys-
tem (Komuro and Rakic, 1992; Yuste et al., 1992; Gu et al.,
1994; Gomez and Spitzer, 1999). In fact, transients may be
analogous to neuronal electrical signaling, conveying infor-
mation in their incidence, frequency, amplitude, and/or
duration (Berridge, 1997; Spitzer and Sejnowski, 1997). If
Ca21transients are an epigenetic signaling mechanism
utilized throughout the developing embryo, then distinct
intra- and intercellular patterns should be correlated with
cell or tissue differentiation, respectively. In Xenopus, dis-
tinct aspects of both neuronal and myocyte differentiation
Supplementary material: QuickTime movie sequences from
Figs. 2B and 3A, as well as two additional movies of IP3 responses
and an intercellular wave in the UPM, are available. These se-
quences can be viewed at http://www.academicpress.com/www/
journal/db/dbsupp.htm.
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All rights of reproduction in any form reserved.re controlled by Ca21 transients (Gu and Spitzer, 1995;
errari et al., 1996, 1998; Gomez and Spitzer, 1999; Watt et
l., submitted for publication).
Differentiating embryonic Xenopus trunk myocytes gen-
rate Ca21transients during a restricted developmental
window in primary culture, and abolishing these transients
disrupts myofibrillogenesis (Ferrari et al., 1996, 1998). Since
Xenopus myocytes differentiate autonomously in vitro
along a time course similar to that in vivo for all major
properties so far examined (e.g., voltage-sensitive channels:
Kidokoro, 1992; Spruce and Moody, 1992; ACh receptors
and the neuromuscular junction: Brehm et al., 1984; Cohen,
1980; sarcomeric striations: Huang and Hockaday, 1988),
the culture approach is valid for analysis at the cellular
level. However, myocytes normally develop from unseg-
mented paraxial mesoderm (UPM), which undergoes mor-
phogenetic rearrangements during organogenesis to pro-
duce somites. The triggers for somitic furrow formation and
parallel alignment of elongating myocytes are not known,
but Ca21 signaling plays a role in motility and migratory
processes in other cell types (Marks and Maxfield, 1990;
Clapham, 1995; Gomez et al., 1995; Gu and Spitzer, 1995;
Komuro and Rakic, 1996). Furthermore, recent observations
in zebrafish suggest intercellular Ca21 signaling plays an
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270 Ferrari and Spitzerimportant role in gastrulation and somitogenesis (Creton et
l., 1998; Gilland et al., 1999). The observation that Xeno-
us myocytes generate Ca21 transients during polarization
and migratory movements in culture led to the hypothesis
that Ca21 dynamics are essential for morphogenetic move-
ments in vivo.
Morphological development of the paraxial mesoderm
into somites has been well-characterized in many verte-
brates, including Xenopus (Hamilton, 1969; Muntz, 1975;
Blackshaw and Warner, 1976; Youn and Malacinski, 1981;
Huang and Hockaday, 1988). Somitogenesis is regulated by
both direct intercellular communication via the Notch–
Delta pathway (Burgess et al., 1995; Muensterberg and
Lassar, 1995; Jen et al., 1997; Sparrow et al., 1998) and by
diffusible growth factors released from adjacent axial and
ectodermal tissues, such as Wnts and Shh (Stern et al.,
1995; Munsterberg et al., 1995; Sosic et al., 1997). It is
currently unknown if Ca21 is a second messenger in the
Notch–Delta signaling cascade, but Wnt-5A Ca21 signaling
occurs in part through the phosphatidylinositol signal
transduction pathway, generating transients via inositol
trisphosphate (IP3)-activated stores (Slusarski et al.,
1997a,b). Wnts are involved in mesoderm specification
(Currie and Ingham, 1998; Fan et al., 1997), control of
muscle-specific gene expression in the paraxial mesoderm
(Stern et al., 1995), and control of dorsoventral somite
patterning (Capdevila et al., 1998). We have therefore deter-
mined the physiological distribution of IP3 receptors in
cultured myocytes and the myotome via photorelease of a
membrane-permeant caged IP3 (Li et al., 1998).
The skeletal ryanodine receptor (RyR) isoform is also
important for normal muscle development. In both chicken
and mouse, null mutations of the skeletal RyR1 isoform are
lethal, with severe defects leading ultimately to skeletal
muscle degeneration (Airey et al., 1993; Takeshima et al.,
1994; Takekura et al., 1995). It is unclear, however, whether
the proximate cause of these morphological defects is
improper development versus triggered degeneration. In
Xenopus, RyR-activated Ca21 stores are necessary for the
roduction of Ca21 transients in cultured myocytes; block-
ng transients from the RyR with ryanodine disrupts sarco-
ere assembly (Ferrari et al., 1998). We thus examined the
unctional expression of RyR within the developing myo-
ome, their contribution to transient production, and the
orphological consequences of RyR inhibition.
We report here on Ca21 dynamics within the intact
eveloping Xenopus myotome, where we observe spon-
aneous transients. We have characterized their patterns,
ith particular attention to their relationship with somi-
ogenesis. The Ca21 transients observed in vivo closely
match transients observed in culture, and functional IP3
and ryanodine receptor stores are both present in the
differentiating myotome. Last, we provide evidence that
21production of Ca transients is necessary for normal
omitogenesis.
Copyright © 1999 by Academic Press. All rightMETHODS
Embryo dissections. Embryos were transferred from 10% Holt-
freter’s solution to a modified Ringer’s solution (in mM: 100 NaCl,
2 KCl, 2 CaCl2, 1 MgCl2, and 5 Hepes, pH 7.4) for dissection. Using
an electrolytically sharpened tungsten wire or fine glass needles,
ectoderm and dermatome were removed to expose somites on one
side of the embryo. Somites are formed in predictable spatiotem-
poral repeats at 1- to 2-h intervals (Hamilton, 1969; Muntz, 1975;
Youn and Malacinski, 1981). To view somitic furrow formation,
the unsegmented mesoderm at the posterior, dorsolateral aspect of
the embryo was imaged. In anterior regions, this perspective also
includes both the dorsal and ventral portions of the myotome, as
delineated by the horizontal myoseptum. To view somite forma-
tion adjacent to the notochord, endoderm was removed from
beneath the notochord/somitic axis and the embryo was placed
ventral side up for imaging.
Dissociated cell cultures. Primary cultures containing myo-
cytes were made from neural plate stage Xenopus embryos (Nieuw-
koop and Faber, 1967) using established techniques (Spitzer and
Lamborghini, 1976; Kidokoro et al., 1980; Ferrari et al., 1996).
Briefly, tissue explants of the intact neural plate and lateral paraxial
mesoderm were excised in standard culture medium (in mM: 117
NaCl, 0.7 KCl, 1.3 MgSO4, 2 CaCl2, and 4.6 Tris, pH 7.8) and placed
n divalent cation-free medium (in mM: 117 NaCl, 0.7 KCl, 0.4
DTA, and 4.6 Tris, pH 7.8) for 30–45 min to promote dissociation.
ells were aspirated and plated in a standard culture medium on
ntreated 35-mm tissue culture plastic.
Fluorescenceimaging. Imaging methods for visualizing changes
n the concentration of intracellular Ca21 have been previously
escribed (Tsien, 1980; Grynkiewicz et al., 1985; Gu et al., 1994;
Ferrari et al., 1996). In embryos, exposed somitic tissue was loaded
ith fluo-3 AM by incubating the dissected embryo in 10 mM
uo-3 (Molecular Probes; diluted from 5 mg/ml stock in DMSO) for
30–60 min (Gu et al., 1994; T. Gomez, personal communication).
Fluo-3 was chosen for event detection within cell populations
because of its robust signal characteristics and to compare the
results to those previously acquired in culture. After loading,
embryos were washed in 5–10 vol of standard saline and imaged for
spontaneous or induced changes in the intensity of Ca21 signals
using Zeiss Neofluor water immersion objectives. Time-lapse laser
confocal recordings of the developing myotome were made from
embryos at stage 23/24 along the length of the anteroposterior
(A–P) axis. Images were captured at 10- or 15-s intervals, digitized,
and saved to disk for off-line analysis. For photorelease experi-
ments, cultured cells or embryos were coincubated with a
membrane-permeant form of caged IP3 (1 mM cmIP3/PM; Li et al.,
1998) and fluo-3 AM. IP3 was generated from this compound with
2- to 5-s UV flashes from a mercury arc lamp attached to the
illumination path of a laser confocal microscope (Bio-Rad MRC
600).
Image analysis. Image sequences were analyzed in NIH Image
v1.61/ppc (W. Rasband, NIH) using measurement, movie, and stack
macros. A subtraction procedure was used to reduce background
noise and facilitate identification of transient producing cells: An
image stack was duplicated, and the duplicate was advanced three
frames (30–45 s) and then subtracted from the original. This
procedure produces a new stack with lower background and higher
contrast in pixel intensity during transients and accelerates recog-
nition of cells generating transients. Verification of transients and
all subsequent analyses were done on the original data stack.
Incidence is reported as the percentage of active cells (producing
s of reproduction in any form reserved.
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271In Vivo Ca21 Transients in Xenopus Myotome$1 transient/30 min) among the total cells in a given region. Total
cell number in a region was estimated by dividing the imaged area
by the average cell area (n . 10 cells). Some intercellular space
exists in the developing myotome, particularly between forming
somites; measurements of this space indicate our method overes-
timates the number of total cells by ,10% (n 5 3 embryos).
Transient frequency in a given region is calculated only from the
active cells. Transient duration was measured at the deviation from
baseline for comparison to earlier imaging studies in culture.
Coactivity is defined as simultaneous elevation of Ca21 at least
5% above baseline in adjacent cells.
Whole-mount immunofluorescence. Embryos were fixed over-
ight at 4°C in 0.1 M phosphate-buffered saline (PBS) containing
% paraformaldehyde (pH 7.4) and rinsed the following day in PBS.
hole-mount immunofluorescence differs from the protocol for
ultures (Ferrari et al., 1996) principally in higher fixative concen-
ration and longer fixation and antibody incubation times. In
ddition, Triton (0.5%) was present in postfixative solutions to
acilitate antibody access. Briefly, embryos were washed four times
ver a 1-h period in Tris-buffered saline (TBS) and then blocked
ith 2% rabbit serum in TBS for 30 min. Next, embryos were
ncubated in TBS with MF20 monoclonal supernatant (developed
y D. A. Fischman and obtained from the Developmental Studies
ybridoma Bank maintained by The University of Iowa) as the
rimary antibody overnight at 4°C. The following day embryos
ere washed with TBS, reblocked, and incubated with FITC-
onjugated secondary antibody (Jackson ImmunoResearch) for 1–2
at 20°C or overnight at 4°C. After four washes with TBS over a
-h period, embryos were placed in Sylgard dishes for examination.
Statistics. For each experimental condition, $6 embryos were
maged. We focused population analyses on several representative
mbryos per group. Data are compiled as means 6 SEM. Student’s
npaired two-tailed t test was used to assess statistical significance
nd values of #0.05 are considered different.
RESULTS
We observe three major types of spontaneous intracellu-
lar Ca21 elevations in the developing myotome: (1) coactive
clusters of cells, (2) single-cell autonomous activity, and (3)
regional spreading waves in the ventrolateral region of the
myotome at the endodermal border. Because the character-
istics of the former two types of activity were most promi-
nent and matched those of transients seen previously in
culture, where such activity plays a role in myocyte differ-
entiation, we concentrated our efforts on these signals.
Characterization of Ca21 Transients in Embryonic
Mesoderm
We examined Ca21 transients in the intact myotome in
tage 23/24 embryos, when 12–15 somites have formed in a
istinct pattern along the A–P axis (Fig. 1). For our analysis
e distinguished four regions, evident in lateral views of
he embryo, starting with differentiated anterior somites
AS), followed by maturing somites (MS), extending to
egmenting somites (SS), and culminating in unsegmented
araxial mesoderm (UPM; Fig. 1A). Somites are produced in
regular fashion (Fig. 1B), justifying characterization of
ctivity across the myotome at a single developmental age.
Copyright © 1999 by Academic Press. All righthis pattern of maturation is reflected in the expression of
arcomeric myosin, which is high in the mature AS and
alls to undetectable levels in the most posterior region of
he UPM (Fig. 1A). The pattern of Ca21 transients is the
inverse of this myosin pattern, as myocytes in the AS
produce no Ca21 transients, while those in the UPM pro-
uce them with high frequency. The incidence of active
ells, transient frequency, and transient duration are sum-
arized in Table 1.
In anterior somites (AS; somites 1–5), mature bipolar
yocytes span the width of the somite and do not display
pontaneous transients. More posteriorly, in maturing
omites (MS; somites 6–10), myocytes are elongating
ithin well-established somitic borders. In this region,
ransient activity is present but of low incidence and
requency (Fig. 2A and Table 1). In the example shown, only
2 of 84 cells imaged produced transients (incidence of
4%) at a mean frequency of 4/hr. The majority of activity
bserved in this region occurs in cells contacting the
omitic borders (e.g. 75% in Fig. 2A). Transients produced
n these maturing somites are of short duration compared
ith those produced in culture (Fig. 2A9 and Table 1), and
oactivity among cells is rare. Since innervation of the AS
egion begins at stage 23 (Blackshaw and Warner, 1976;
ullberg et al., 1977; Moody and Jacobson, 1983), Ca21
elevations in the MS at stages 23/24 might occur as a
consequence of electrical activity. To address this possibil-
ity, preparations were imaged in the presence of curare (10
mM) and TTX (1 mM), which block neuromuscular trans-
ission and action potentials, respectively. Since voltage-
ated Ca21 channels also begin to appear at this time
(Linsdell and Moody, 1995), some embryos were also im-
aged in the presence of 1 mM Ni21 to suppress their
potential participation; no differences in transient produc-
tion were noted (n 5 4; data not shown).
Transient activity is substantially greater in the region of
somite segmentation (SS; somites 11–15), where activity is
concentrated at the forming somitic furrows (Figs. 2B and
3). In the example shown, 74 of 172 imaged cells generated
transients (43% incidence) at a mean frequency of 5/h.
Transient durations in this region are significantly longer
than in anterior somites (Fig. 2B9 and Table 1), and clustered
activity across forming furrows is prominent (Figs. 2B and
3A) in all embryos examined in this region. Quicktime
movies of transient activity from the sequences represented
in Figs. 2B and 3A are available at www-biology.ucsd.edu/
;ferrari/Home/MFMovies.html.
In the unsegmented paraxial mesoderm (UPM), the inci-
dence and frequency of transient production is highest (Fig. 2C
and Table 1). In the experiment illustrated in Fig. 2C, 70 of 141
imaged cells produced transients (50% incidence) at an aver-
age frequency of 5/h. As in the SS, these transients were also
of longer duration than those in the MS (Fig. 2C9 and Table 1).
Coactivity among two to three cells was prominent in the
UPM (shown in Fig. 2C) and usually concentrated in crescents
at the predicted intervals for subsequent somites.
s of reproduction in any form reserved.
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273In Vivo Ca21 Transients in Xenopus MyotomeSpatiotemporal Aspects of Ca21 Transient
Production
We analyzed older tailbud stage embryos (stages 30–33;
12 h later than stages 23/24; Fig. 1B) to determine if
transient activity persists throughout somitogenesis and
myocyte differentiation. The posterior mesoderm in tailbud
stage embryos is still forming somites, and transient activ-
ity in this region is similar to that observed in the SS region
at younger stages (26 6 8% incidence, 4.1 6 0.9/h fre-
uency, and 62 6 5 s duration; n 5 3 embryos), consistent
with the hypothesis that transients are necessary for somi-
togenesis and/or myocyte differentiation. In addition, we
examined the mesoderm of stage 23/24 embryos from the
ventral aspect, where UPM and developing somites contact
FIG. 1. Developmental progression of somite formation. (A) Som
sarcomeric myosin immunoreactivity. Boxed areas correspond to t
2: AS, anterior somites; MS, maturing (middle) somites; SS, segme
to the left in this and subsequent images; myosin expression is gr
dermatome were removed to reveal the underlying endoderm and
sections; bar, 100 mm. (B) Correlation of embryonic age (h) and sta
were compiled from Hamilton (1969) and Muntz (1975). The linea
FIG. 2. Spontaneous Ca21 transient activity in the developing my
uorescence in somitic cells in the dorsolateral myotome of three
ntervals. All active cells from the sequence are outlined in white
ransients produced within the 30-min imaging period. (A) Region
2 active cells in this field. In this phase of somitogenesis, somit
longated to span the somite width. Ca21 transients were not obser
egion). (A9) Representative trace of activity over 30 min in cell ind
oactive myotomal cells that span a forming somitic furrow. A
iology.ucsd.edu/;ferrari/Home/MFMovies.html. In this phase of s
ong. Ca21 transient activity appears highest at these forming furro
Some cells appear phase-locked despite their apparent physical sep
the highest Ca21 transient activity, and transient durations, ampli
in culture. Note the coactivity between groups of cells. (C9) Repr
durations, higher frequency of activity, and greater variability in ki
ABLE 1
haracteristics of Ca21 Transients Produced by Xenopus Myocytes
Maturing somites Se
Incidence (%) 14 6 4
(n 5 312)
Frequency (per h) 3.2 6 0.3
(n 5 44)
Duration (s) 45 6 3
(n 5 20)
Note. Incidence is % of active cells from total number imaged (n
transients/h. Duration is measured in seconds at the point of dev
compiled from three stage 23/24 embryos for each region and anal
et al. (1996).100 mm. (A9–C9) x-axes are 200 s and y-axes are 5 fluorescence units (F;
mplitude between cells are not possible.
Copyright © 1999 by Academic Press. All rightthe notochord. While transients were observed, the inci-
dence was significantly lower in ventral mesoderm (3 6
1%, n 5 4 embryos) than in the lateral mesoderm with no
evident anteroposterior gradient. However, the frequency of
transients in active ventral cells (3.7 6 0.6 transients/h, n 5
39 cells) was not significantly different from that observed
from the dorsolateral aspect (Table 1).
We occasionally observed spreading waves of activity at
the myotomal–endodermal border (data not shown). In
these cases, all cells within a contiguous region participated
in forming an active sheet, with an average propagation
velocity of 210 6 24 mm/min (n 5 2 events). This activity
was not analyzed further, but a representative movie is
available in the on-line supplementary material.
orphology assessed in a stage 23 fixed embryo by whole-mount
ur regions of the myotome imaged for Ca21 activity shown in Fig.
somites; and UPM, unsegmented paraxial mesoderm. Anterior is
lly reduced from anterior to posterior. Dorsolateral ectoderm and
tome. Image is a z-series maximum projection of 50-mm confocal
ieuwkoop and Faber, 1967) with number of somites. Somite data
relation coefficient for somite number and age is 0.995.
e. Pseudocolor single frames from time-lapse sequences of fluo-3
erent embryos at stage 23/24. Images were captured at 10 or 15 s
somitic borders are indicated by dashed lines. Numbers indicate
turing somites (MS). Image shows one active cell (yellow–gold) of
ndaries are clearly demarcated, but myocytes have not yet fully
n more mature somites in which myocytes are fully elongated (AS
d. (B) Region of somite segmentation (SS). Image shows a group of
ckTime movie from the boxed region can be viewed at www-
ogenesis, furrows form to carve out somites approximately 10 cells
B9) Representative traces from this region in the 3 cells indicated.
on. (C) Unsegmented paraxial mesoderm (UPM). This area shows
, and frequencies are similar to transients observed at early times
ative traces from the two cells indicated. Transients have longer
s compared with those in more mature myocytes. (A–C) Scale bar,
ting somites UPM Culture
35 6 5 40 6 5 34 6 5
5 529) (n 5 464) (n 5 290)
.9 6 0.5 4.6 6 0.5 6 6 0.4
5 186) (n 5 188) (n 5 74)
78 6 5 107 6 5 84 6 6
n 5 29) (n 5 32) (n 5 74)
30-min period. Frequency is calculated from the active cells (n) in
from baseline from a random subset of active cells (n). Data are
as described in the legend to Fig. 2. Culture data are from Ferrariite m
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274 Ferrari and SpitzerRelationship of Transients to Somitic Furrow
Formation
Since the anterior–posterior embryonic gradient of Ca21
transient production is correlated with myocyte differentia-
tion, we determined if transients are also correlated with
somite formation. The incidence of active cells is a function
of the distance to the forming furrow, with most active cells
in close proximity to forming somitic borders (Figs. 3A and
FIG. 3. Correlation of transient activity with somite furrow forma
urrows (indicated by dashed lines) in the SS region of another stage
t www-biology.ucsd.edu/;ferrari/Home/MFMovies.html. Bar, 10
istance from the somitic furrow in a scatterplot of individual cell
ost ventral aspect of the exposed myotome generate the highest tr
ith distance from the somitic furrow, with little activity presen
Histogram displays cumulative counts of active cells in 5-mm bins3D). Of the total active population, 77% are found within
25 mm of the furrow. However, no significant correlation
Copyright © 1999 by Academic Press. All rightwas found between transient frequency and distance from
the somitic furrow (Fig. 3B), and no difference was observed
in the incidence or average frequency between anterior and
posterior halves of developing somites (data not shown). A
weak correlation exists between frequency and position
along the dorsal–ventral axis (Fig. 3C).
Formation of somitic furrows and somite rotation both
require cell motility, raising the possibility that transients
. (A) Ca21 elevations occur simultaneously in cells on both sides of
4 embryo. A QuickTime movie from the boxed region is available
. (B) There is no correlation between transient frequency and
m MS and SS regions (same data set used in B–D). (C) Cells at the
nt frequencies. (D) The incidence of activity declines continuously
the middle of somites (somites average 100 mm in A–P length).tion
23/2
0 mm
s fro
ansieare produced by cell movements. We examined the relation-
ship between motility and transient production by inhibit-
s of reproduction in any form reserved.
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275In Vivo Ca21 Transients in Xenopus Myotomeing actin polymerization with 10 mM cytochalasin D. Cell
otility was abolished, as evidenced by stationary cells
ithin the myotome and the failure of the dissected ecto-
ermal edge to spread over exposed regions. We focused on
he UPM and SS since these regions have the highest
ncidence of activity. Transient production appears normal
n cytochalasin D (e.g., SS region: 24 6 5% incidence, 3.4 6
0.2 /h frequency, n 5 2 embryos), indicating that transient
production is not a consequence of motility.
Functional Expression of IP3 and Ryanodine
Receptor Stores in Developing Myocytes
While RyR-activated Ca21 stores are necessary for tran-
sient production in culture, other Ca21stores may be
necessary either to trigger or contribute to release from the
RyR pool. To examine the possibility that IP3 receptor-
21
FIG. 4. Physiological measure of developmental expression of IP
membrane-permeant forms of fluo-3 and caged IP3 at 6 h in cu
(arrowheads) and numerous undifferentiated round cells. (Middle) R
of IP3. (Right) Robust Ca21 increases occur in round cells after 2 s U
smaller. (B) Digitized traces of round cell and myocyte responses (f
IP3 challenges at 6 h in culture. Round cells produce large Ca21 tra
generate smaller transients after photorelease of IP3 and have
responsiveness to photorelease of IP3 in myocytes vs round cells in
in myocytes. This time course corresponds roughly to the period ofctivated Ca stores are expressed during the period of
transient production, we monitored Ca21 dynamics with
Copyright © 1999 by Academic Press. All rightfluo-3 before and after UV photorelease of IP3 from a
membrane-permeant caged compound (Li et al., 1998).
Functional IP3 receptors are initially present in myocytes
cultured from stage 15 embryos and are developmentally
downregulated over the next 12 h (Fig. 4). Thus, this
IP3-activated Ca21 pool is available during the period of
pontaneous transient production in culture. In contrast,
he Ca21 responses of round undifferentiated cells to IP3
release remain robust (Fig. 4C). UV illumination of cells
oaded only with fluo-3 yields no increase in fluorescence.
Given these results, we examined the intact myotome for
he presence of functional IP3 receptor stores. As expected,
cells throughout the UPM and SS regions, in which myo-
cytes are beginning to differentiate, responded to the gen-
eration of IP3 with cytoplasmic Ca21 elevations (Figs. 5A–
5F). The distribution of functional IP3 receptors appeared to
ptors in cultured myocytes. (A) Responses of cells coloaded with
. (Left) Phase-contrast image of cells; note polarizing myocytes
g Ca21 levels measured by fluo-3 fluorescence prior to photorelease
umination to photorelease IP3, but myocyte responses (arrows) are
ells marked with asterisks in the middle panel of A) to sequential
ts with a biphasic decay in response to IP3 production. Myocytes
gle exponential decay. x-axis, s; y-axis, F. (C). Developmental
ure. IP3 stores are maintained in round cells, but disappear by 12 h
taneous Ca21 transient production in cultured myocytes (grey bar).3 rece
lture
estin
V ill
rom c
nsien
a sinbe lower in the UPM and higher in the SS region (Fig. 5C).
Responses to IP3 production were also robust in the AS
s of reproduction in any form reserved.
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276 Ferrari and Spitzerregion of stage 26 embryos (Figs. 5G–5I), but were absent
FIG. 5. Developmental expression of functional IP3 receptors in
(Middle) Ca21 elevations induced after a 5-s UV illumination to un
ifference in fluorescence pre- and post-IP3 photolysis presented in i
26 embryo. Ca21 elevations are relatively uniform in both the A–P
eceptors in these regions coincides with the spontaneous producti
regions of another stage 26 embryo. (G–I) Functional IP3 receptors
sensitivity is absent in more mature somites, as seen in the AS regio
long somite borders.from this region in more mature embryos (Figs. 5J–5L).
We also examined the functional expression of RyR in the
e
Copyright © 1999 by Academic Press. All rightyotome using the agonist caffeine, which stimulates
21
intact myotome. (Left) Fluo-3 fluorescence prior to IP3 uncaging.
IP3. (Right) Activation of IP3 receptors is illustrated by the relative
ted format. (A–C) IP3 response in the SS and UPM regions of a stage
D–V axes in response to IP3 release. The distribution of functional
f Ca21 transients. (D–F) Responses in the more anterior MS and SS
still present in the AS region of a third stage 26 embryo. (J–L) IP3
a stage 33 embryo, although IP3 responses occur in nonmuscle cellsthe
cage
nver
and
on o
arelevations of intracellular Ca in culture (Ferrari et al.,
1996). Cells in the UPM and SS of young embryos respond
s of reproduction in any form reserved.
t
n
t
a
f
i
t
6
p
e
m
w
i
l
S
R
r ubseq
p
277In Vivo Ca21 Transients in Xenopus Myotometo bath application of 40 mM caffeine with large, reversible
Ca21 elevations without contraction (Figs. 6A–6C), while
cells in the MS and AS regions shorten in response to
caffeine. These reversible elevations are sustained in the
continued presence of caffeine. Mature somites and older
embryos respond to caffeine with vigorous contraction,
precluding imaging experiments on these regions and at
later developmental ages. Thus RyR are expressed in a
sustained manner during differentiation of cells in the
myotome, while IP3 receptors are only transiently ex-
pressed.
Suppression of Spontaneous Transients
in the Myotome
Since transients are blocked by the potent RyR antagonist
ryanodine in cultured myocytes (Ferrari et al., 1996), we
ested the effect of ryanodine on the production of sponta-
eous transients in the myotome. Ryanodine is also effec-
FIG. 6. Presence and functional block of RyR-activated stores in t
regions of a stage 23 embryo before and after perfusion with 40 mM
is shown by the absolute difference of pre- and postcaffeine image
individual cells after application of 100 mM ryanodine. Cells usual
esser amplitude, consistent with use-dependent block. (E) Tran
catterplot of cumulative histogram data (100-s bins) over 30 m
yanodine was applied immediately prior to imaging runs. The
yanodine (dashed line) is consistent with initial activation and s
roduction is steady in controls (solid line).ive in vivo, and acute application results in the initial
ctivation and subsequent use-dependent block expected
1
w
Copyright © 1999 by Academic Press. All rightor this agent (Meissner, 1986, 1994; Figs. 6D and 6E). In
ndividual cells, transients usually occurred only once or
wice after ryanodine application (single transients only in
7% of cells; Fig. 6D), even in cells that were previously
roducing transients at rates of 6–8/h. For example, in one
xperiment 39 cells produced transients during an initial 30
in of observation; following application of 100 mM ryan-
odine, only 16 of the 39 active cells produced a single
transient and the rest produced none. A further 30 cells that
had been inactive produced a single transient as well. This
initial activation and use-dependent block is evident when
transient production is plotted for 30-min periods prior to
and after the addition of 100 mM ryanodine (n 5 4 embryos;
Fig. 6E). When embryos were preincubated for 1 h with
ryanodine during fluo-3 loading, or for 10 min prior to
imaging, activity was further reduced (Table 2).
The cell-permeant “fast” Ca21chelator BAPTA-AM,
hich suppresses transients in culture (Ferrari et al., 1996),
s also effective in vivo. No transients were observed during
eveloping myotome. (A, B) Fluo-3 fluorescence in the SS and UPM
ine. Bar, 100 mm. (C) The robust response throughout the myotome
wn in A and B, in inverted format. (D) Ca21 transient activity in
duce only a single transient, followed occasionally by a second of
production before and after application of 100 mM ryanodine.
or control (squares) and ryanodine-treated (diamonds) embryos.
onential decay of transient production following application of
uent block of RyR (Meissner, 1986, 1994). In contrast, transienthe d
caffe
s sho
ly pro
sient
in f
exp-h imaging periods in stage 24 embryos coloaded for 1 h
ith fluo-3 (10 mM) and BAPTA (5 mM) (n 5 2 embryos),
s of reproduction in any form reserved.
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278 Ferrari and Spitzerindicating that transient blockade occurred following load-
ing. These embryos had narrow and sometimes undiscern-
able somitic furrows in the SS region (data not shown).
Somitogenesis after Suppression of Transients
In order to examine the consequences of chronic blockade
of transient production, ryanodine (1 mm–1 mM) was applied
o developing embryos from stage 23 to stage 41. Neither 1-
or 10-mM ryanodine affected embryo morphology or mo-
tility in response to tactile stimulation (n 5 12 embryos).
However, morphological defects begin to develop at 100
mM, a concentration which blocks spontaneous transients
both in culture and in vivo. In general, embryos display
ignificant hydrocephaly and scoliokyphosis (n 5 13/16
mbryos in 100 mM), but the levels of myosin expression
appear normal (Fig. 7). Embryos with these developmental
defects are alive, as assessed by heartbeat, but are nonmo-
tile. While somitic boundaries can be distinguished in the
most rostral and caudal portions of these animals, cellular
morphology and somitic boundaries are severely disrupted
throughout the central portion of the myotome (Fig. 7B).
Approximately 12 somites have segmented by stage 23 (Fig.
1B); thus, the relatively normal appearance of the anterior
somites, as well as the extraocular muscles, implies these
tissues had completed their organization prior to applica-
tion. This observation is in keeping with culture results
showing that ryanodine application after a sensitive period
does not inhibit cytodifferentiation or promote cell death in
myocytes (Ferrari et al., 1998).
DISCUSSION
Ca21 transients are necessary signals for myocyte differ-
entiation in dissociated cell culture (Ferrari et al., 1996,
1998). Given the reliability of these primary cultures for
TABLE 2
Ca21 Transients in the Myotome Following Acute Application
f Ryanodine
Segmenting somites UPM
Incidence (%) 6 6 2 10 6 4
(n 5 372) (n 5 405)
Frequency (per h) 2.4 6 0.3 1.9 6 0.8
(n 5 50) (n 5 44)
Duration (s) 73 6 4 77 6 7
(n 5 45) (n 5 46)
Note. Values from stage 23/24 embryos preincubated $10 min
with 100 mM ryanodine. Conventions and abbreviations are the
same as described in the note to Table 1. Data are from three
embryos for each region.recapitulating development in vivo, we hypothesized tran-
sients would be present in the developing myotome. We
Copyright © 1999 by Academic Press. All rightfind that: (1) transients occur in a spatiotemporal pattern
consistent with myocyte development in culture; (2) in vivo
transients closely match transients observed in culture
with respect to incidence, duration, and frequency; (3)
transient production is cell autonomous, occurring inde-
pendent of innervation and electrical activity; (4) ryanodine
and/or BAPTA, which block transients in culture, are also
effective in vivo; and (5) inhibiting transients during myo-
tomal development results in morphological defects. The
Xenopus myotome is postmitotic and cell fusion does not
occur until metamorphosis, so Ca21 elevations do not result
rom either of these processes. Since myogenic precursors
re committed at late gastrula stages (Kato and Gurdon,
993), the transients we observe are most likely to direct
ellular differentiation and/or morphogenesis.
Spontaneous transient durations shorten with myocyte
aturation, as has been observed for induced transients in
ultured muscle in other systems (Cognard et al., 1993;
lucher and Andrews, 1993; Rivet-Bastide et al., 1993).
everal mechanisms could account for this maturation in
a21 handling: increasing levels of SERCA pumps, plasma-
embrane Ca21-ATPases, Na1/Ca21 exchangers, and/or
a21 buffering proteins, such as calsequestrin and parvalbu-
in. For example, in Xenopus myocytes, parvalbumin is
ot expressed in the UPM and SS regions but is expressed at
igh levels in mature myocytes in MS and AS regions
Schwartz and Kay, 1988). It will be of interest to perturb
a21 signaling by inducing the early misexpression of pro-
teins such as parvalbumin, or by blocking pumps and
exchangers, to assess their importance in myocyte and
myotome development.
Since the anterior portions of the myotome are first
innervated at stage 23/24 (Kullberg et al., 1977; Moody and
acobson 1983; Jacobson and Huang 1985), innervation does
ot play a role in inducing transients in the more posterior
S or UPM. On the other hand, innervation could poten-
ially play a role in modulating or suppressing transient
roduction in the MS or AS. However, no differences were
bserved with and without TTX and curare in the AS and
S of stage 23 embryos, so innervation is unlikely to
egulate transient production via sodium-dependent action
otentials and/or acetylcholine receptors. Moreover, since
pontaneous transients occur and cease in isolated myo-
ytes in culture with a timecourse matching that seen in
ivo (Ferrari et al., 1996), a role for innervation is further
endered unlikely.
Unlike Xenopus spinal neurons, myocyte transients do
ot depend on extracellular Ca21, and a caffeine-sensitive
tore is still present even after 24 h in 0 Ca21/EGTA
edium (Ferrari et al., 1996). These data imply that Ca21
transport at the plasmalemma is extremely low and that the
SERCA pump in myocytes is highly efficient. An intriguing
speculation is that Ca21 released by normal metabolism of
ntracellularly included yolk lipoproteins, which can con-
ain 3 mol Ca21/mol protein (Montorzi et al., 1995), may besufficient to replenish small losses. If so, higher rates of
metabolism might occur in 0 Ca21 to compensate for slow
s of reproduction in any form reserved.
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medium appear to have much reduced yolk at 24 h com-
pared to controls. A concomitant increased release of Ca21
might then account for the higher frequency of transients
observed in 0 Ca21 medium (Ferrari et al., 1996).
The spatiotemporal pattern of Ca21 transients in the
myotome suggests a role in establishment or maturation
of the somitic furrow. Consistent with this idea, the
unsegmented regions show the highest activity, most
active cells are in close proximity to forming furrows,
coactivity is transmitted across nascent furrows, and
blocking transients with ryanodine disrupts somitic
boundaries. Furthermore, since our observations were
limited to the superficial lateral and ventral layers of the
myotome, it is possible that Ca21 signals deeper in the
FIG. 7. Chronic ryanodine treatment disrupts somite maturation
assessed by sarcomeric myosin whole-mount immunocytochemis
in the extraocular muscles and hypaxial musculature. Image is a z-s
hronic ryanodine (100 mM) from stages 23–41 (48 h) disrupts emb
scoliokyphosis of the trunk. Myosin expression levels appear norma
myocyte morphology are disrupted. However, segmentation of the
image at right).issue show higher degrees of correlation with somite
egmentation. Preliminary observations of Ca21 signals
i
t
Copyright © 1999 by Academic Press. All righttraveling from notochordal cells to adjacent regions of
ventral mesoderm support this notion (unpublished ob-
servations). These observations complement recent work
in zebrafish, where elevations of Ca21 were associated
ith the location of forming somites (Creton et al., 1998).
uture experiments will examine Ca21 transient produc-
ion and cellular behavior during other morphogenetic
ovements such as convergence of the somite over the
pinal cord, establishment of the horizontal myoseptum,
nd somite rotation.
The spatial pattern of transient production we observe
oincides with recently described Notch–Delta signaling
ecessary for somite segmentation and maturation (Conlon
t al., 1995; Jen et al., 1997; Sparrow et al., 1998). The most
rominent domain of Notch expression in young embryos is
ivo. (A) Skeletal muscle morphology in normal stage 41 embryo
ote the regularity of somite arrangement and myosin expression
maximum projection of 50-mm confocal sections; bar, 500 mm. (B)
ic development. Prominent features are hydrocephalus and severe
xtraocular muscles and throughout the myotome, but somites and
l somites is apparently initiated normally (arrowheads in expandedin v
try. N
eries
ryon
l in en the UPM, where transient activity is highest. Similarly,
he expression pattern of X-Delta-2, a Notch ligand, also
s of reproduction in any form reserved.
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280 Ferrari and Spitzercorrelates with transients, being expressed in the posterior
forming somites and UPM. As somitogenesis progresses,
X-Delta-2 expression becomes restricted to the anterior half
of somites, while Hairy2A becomes conversely restricted to
the posterior half of each somitomere (Jen et al., 1997).
However, we did not observe significant changes in the
incidence or frequency of transients correlated with somite
polarity in analysis of identifiable somites in the SS region.
Whether transient production in the UPM is linked to the
molecular clock utilized for somitogenesis, in which the
Hairy gene participates (Palmeirim et al., 1997; Cooke,
1998), remains an open question.
The functional localization of IP3 receptors in the Xeno-
pus myotome is consistent with their anatomical localiza-
tion with anti-IP3 receptor antibodies (Kume et al., 1997). In
onjunction with our observations of caffeine responses,
his indicates that immature myocytes have both RyR and
P3 receptor-activated Ca21 stores. IP3 receptors become
spatially segregated to the somitic borders during develop-
ment (Kume et al., 1997), although the imaging intervals
used here could not distinguish if Ca21 responses to IP3
generation are spatially restricted as well. Downregulation
of IP3 receptors appears to be a general feature of skeletal
muscle differentiation, as our results are consistent with
similar observations made in culture (De Smedt et al.,
1991). The disappearance of this store roughly parallels the
cessation of spontaneous transient production both in cul-
ture and in vivo, raising the possibility that Ca21 release via
IP3 receptors may provide a trigger for Ca21-induced Ca21
release from the RyR store.
The ability of ryanodine to block transients in vivo, as it
does in culture, indicates that transients depend on Ca21
release from the RyR store. This observation enabled the
use of ryanodine to assess the importance of transients for
myocyte and somite differentiation in vivo. The morpho-
ogical defects observed after chronic ryanodine treatment
irror those observed in mouse and chicken embryos
issing the skeletal RyR1 isoform (Airey et al., 1993;
akeshima et al., 1994; Takekura et al., 1995). The ob-
erved deformities in these cases could arise due to im-
roper morphogenesis, such as alterations in somitomere
etermination, somitogenesis, and/or failure to maintain
omitic boundaries. Since initial somite segmentation in
he posterior mesoderm appears to occur normally in the
resence of ryanodine, we favor the latter hypotheses.
lternatively, since ryanodine blocks E–C coupling and
yofibrillogenesis, somitic defects may be secondary to
yocyte defects, although elongation occurs normally in
he presence of ryanodine in culture. Transients in vivo
ay promote the secretion of ECM components or enable
ntercellular contacts necessary for maintaining inter-
omitic borders. Because of their accessibility, Xenopus
mbryos will provide an opportunity to examine in detail
21he cellular and morphogenetic events that depend on Ca
signaling.
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